Background: Aberrantly elevated integrin-linked kinase (ILK) activity is associated with inflammatory diseases and tumors. Results: In response to bacterial stimulus and infection, ILK modulates pro-inflammatory cytokine TNF-␣ production and activates nuclear factor B signaling via p65 Ser-536 phosphorylation. Conclusion: ILK promotes pro-inflammatory signaling during immune responses to diverse stimuli. Significance: ILK is a potential therapeutic target for inflammatory diseases. 4 The abbreviations used are: NF-B, nuclear factor B; IKK, IB kinase; ILK, integrin-linked kinase; TLR, Toll-like receptor; MEF, mouse embryonic fibroblast; BMDM, bone marrow-derived macrophage; Adeno-Cre, adenovirus expressing Cre recombinase; T4SS, type IV secretion system; m.o.i., multiplicity of infection.
Integrin-linked kinase (ILK) is a ubiquitously expressed and highly conserved serine-threonine protein kinase that regulates cellular responses to a wide variety of extracellular stimuli. ILK is involved in cell-matrix interactions, cytoskeletal organization, and cell signaling. ILK signaling has also been implicated in oncogenesis and progression of cancers. However, its role in the innate immune system remains unknown. Here, we show that ILK mediates pro-inflammatory signaling in response to lipopolysaccharide (LPS). Pharmacological or genetic inhibition of ILK in mouse embryonic fibroblasts and macrophages selectively blocks LPS-induced production of the pro-inflammatory cytokine tumor necrosis factor ␣ (TNF-␣). ILK is required for LPS-induced activation of nuclear factor B (NF-B) and transcriptional induction of TNF-␣. The modulation of LPS-induced TNF-␣ synthesis by ILK does not involve the classical NF-B pathway, because IB-␣ degradation and p65 nuclear translocation are both unaffected by ILK inhibition. Instead, ILK is involved in an alternative activation of NF-B signaling by modulating the phosphorylation of p65 at Ser-536. Furthermore, ILK-mediated alternative NF-B activation through p65 Ser-536 phosphorylation also occurs during Helicobacter pylori infection in macrophages and gastric cancer cells. Moreover, ILK is required for H. pylori-induced TNF-␣ secretion in macrophages. Although ILK-mediated phosphorylation of p65 at Ser-536 is independent of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway during LPS stimulation, upon H. pylori infection this event is dependent on the PI3K/Akt pathway. Our findings implicate ILK as a critical regulatory molecule for the NF-B-mediated pro-inflammatory signaling pathway, which is essential for innate immune responses against pathogenic microorganisms.
Chronic inflammation and associated disorders are major health problems worldwide. One of the potent inducers of chronic inflammation and septic shock is lipopolysaccharide (LPS), a major component of the cell wall of Gram-negative bacteria. LPS activates host cells to produce various pro-inflammatory mediators, including tumor necrosis factor ␣ (TNF-␣), interleukin (IL)-1␤, IL-8, and nitric oxide (NO) (1, 2) . These mediators secreted by macrophages constitute innate immune responses by counteracting the effects of pathogenic stimuli. However, excessive or unregulated production of pro-inflammatory mediators may lead to acute phase endotoxemia leading to organ failure, shock, tissue injury, and even death (2, 3) . Among the pro-inflammatory mediators, TNF-␣ is well known for its crucial role in the regulation of normal immunity, as well as the pathological inflammatory response seen in diseases such as rheumatoid arthritis and Crohn disease (4) . Therefore, therapeutic approaches to regulate the production of pro-inflammatory mediators such as TNF-␣ can be beneficial for the treatment of patients suffering from these chronic inflammatory disorders (5) .
LPS-stimulated signaling events leading to the expression of pro-inflammatory mediators include the activation of the transcription factor nuclear factor B (NF-B). 4 The prototypical form of NF-B is a ubiquitously expressed heterodimeric complex consisting of a DNA binding subunit (p50) and a transactivation subunit (p65/RelA). In unstimulated cells, this complex is retained in the cytoplasm by IB-␣, a classical (or canonical) inhibitor of NF-B activation. Upon stimulation, NF-B signaling is initiated by activation of the IB kinase (IKK) complex, which phosphorylates IB-␣ at two N-terminal serine residues. The phosphorylation of IB-␣ subsequently triggers its ubiquitination and proteasomal degradation, thereby facilitating nuclear translocation of the NF-B complex. Given the broad spectrum of biological outcomes of NF-B signaling, its activation is subject to tight regulation. Apart from the classical NF-B signaling pathway, several studies have identified the existence of multiple additional pathways; however, the molecular mechanisms for many of them remain to be fully characterized (6 -8) . In addition to the events regulating the nuclear translocation of the NF-B complex, post-translational modifications of NF-B proteins have emerged as critical regulators of transcriptional activities (9 -12) . For example, the transcriptional activity of p65, the main effector subunit of the classical NF-B pathway, is regulated by the post-translational modifications phosphorylation and acetylation (13) , of which phosphorylation is by far the most studied (14) . Despite considerable effort, the signaling events that culminate in the modification of p65 are less well characterized. Recent findings have shown that phosphorylation of the p65 subunit at Ser-536 is an alternative to classical NF-B activation (15) (16) (17) (18) (19) . In this pathway, IB-␣independent nuclear translocation of pp65 Ser-536 is critical for the regulation of target genes. The phosphorylation status of p65 Ser-536 has also been described as a critical factor for diverse biological functions, ranging from fine-tuning of NF-B transcriptional activity (20) to modulating neurite growth in the nervous system (21) and cancer cell survival (22) . These observations suggest that the phosphorylation of p65 at Ser-536 serves as an integrator for multiple signaling pathways during NF-B activation. Because the earlier reports showing that IKK␣/␤ plays an essential role in LPS-induced p65 phosphorylation at Ser-536 (19, 23) , three other protein kinases, IKK⑀, TBK1 (TANK-binding kinase 1), and RSK1 (ribosomal S6 kinase 1), have been shown to phosphorylate p65 Ser-536 under certain physiological conditions and stimuli (14) . Nevertheless, given the versatile nature of the NF-B transcriptional activity, a signaling cascade defining the critical role of these kinases is not well defined and suggests that other, as yet unidentified, kinases are involved.
Integrin-linked kinase (ILK) is a multifunctional serine/threonine kinase that was originally discovered as an integrin-interacting protein localizing in focal adhesions (24) . ILK is highly conserved and widely expressed in mammalian tissues, also localizing in multiple subcellular compartments. It plays a central role in transducing multiple signaling pathways linked to cell-matrix interactions, and it regulates different cellular processes such as growth, proliferation and mitosis, migration, invasion, vascularization, apoptosis, angiogenesis, embryonic development, and tissue homeostasis (25, 26) . In contrast, overexpression of ILK is often associated with human malignancies. Abundant evidence has demonstrated that both ILK protein levels and corresponding activity are enhanced in many cancers, such as colon, gastric, prostate, breast, as well as melanoma (27, 28) , indicating its potential as an attractive therapeutic target for cancer treatment. Despite considerable studies, the mechanism underlying the role of ILK in the progression of cancer is incompletely understood. Interestingly, a number of reports indicated a connection between ILK and NF-B activa-tion, a signaling pathway that is often dysregulated in inflammation and cancers. First, NF-B reporter activity and LPSinduced NO synthesis are both suppressed by the dominantnegative ILK or a small molecule ILK inhibitor KP-392 (29) . LPS-induced IB-␣ degradation was also inhibited by a high concentration of KP-392 (50 M) in J774 macrophages. Second, IKK(␣/␤) up-regulation and NF-B activation by the receptor tyrosine kinase HER2/neu involved ILK-induced Akt activity (30) . The same study also showed that TNF-␣-induced IB-␣ degradation was also suppressed by the dominant-negative ILK (30) . ILK was shown to be important for human renal carcinoma cell survival through its involvement in Akt and NF-B activation (31) , and collagen I-induced epithelial mesenchymal transition is mediated by ILK-dependent IB-␣ phosphorylation and p65 nuclear translocation (32) . In human lung cancer cells, ILK-induced epithelial mesenchymal transition was also shown to be dependent on NF-B activation (33) . In human mesangial cells, collagen I-induced pro-survival NF-B activation was also regulated by ILK, suggesting a link between the ILK-NF-B axis and glomerular dysfunction (34) . In melanoma cell lines, ILK was required for IL-6 expression through NF-B activation as ILK silencing not only decreased IL-6 synthesis but also reduced IB-␣ degradation, p65 Ser-536 phosphorylation, and nuclear translocation (35) . These studies largely suggest a role for ILK in classical NF-B signaling. However, the role of ILK in Toll-like receptor (TLR)-mediated NF-B signaling has not been thoroughly investigated. In this study, using ILK-specific genetic knockdown and a selective small molecule inhibitor, we have shown that ILK is not required for the LPSinduced classical NF-B signaling pathway involving IB-␣ degradation and nuclear translocation of p65. Rather, ILK modulates LPS-stimulated NF-B transcription activity through p65 phosphorylation at Ser-536 and is required for LPS-induced transactivation of p65 through Ser-536. Using an in vitro model of Helicobacter pylori infection, we show that ILK is required for H. pylori-induced p65 Ser-536 phosphorylation and TNF-␣ secretion. Finally, we show that the regulation of p65 Ser-536 phosphorylation by ILK is a phosphatidylinositol 3-kinase (PI3K)/Akt-independent process in response to LPS, but in response to H. pylori, the infection is dependent on PI3K/Akt.
EXPERIMENTAL PROCEDURES
Ethics Statement-All animal experiments were carried out in accordance with the protocols approved by the Monash University Animal Ethics Committee. All animal work was conducted under the following animal ethics approval numbers assigned by the Monash University Animal Ethics Committee: MMCA/2009/43/BC (for maintaining ILKflox/flox C57BL6/J mice); MMCA/2012/32/BC (for maintaining ILKflox/flox; LysM-Cre C57BL6/J mice); and MMCA/2012/45 (for the use of both ILKflox/flox and ILKflox/flox;LysM-Cre C57BL6/J mice for scientific research purposes). All animal care and use protocols adhered to the national guidelines provided by the Bureau of Animal Welfare, Victoria, Australia.
Cell Culture and Treatments-Primary mouse embryonic fibroblasts (MEFs) (freshly isolated cells) and immortalized mouse spleen macrophages were grown in culture with DMEM (supplied with L-glutamine) supplemented with 10% fetal calf serum (FCS), penicillin, and streptomycin (100 units/ml) at 37°C with 5% CO 2 in a humidified incubator. RAW264.7 cells (obtained from the American Type Culture Collection (ATCC)), THP-1 (ATCC), AGS (ATCC), and primary bone marrow-derived macrophages (BMDMs) (freshly isolated) were grown in RPMI 1640 medium (supplied with L-glutamine) supplemented with 10% FCS, penicillin, and streptomycin (100 units/ml) at 37°C with 5% CO 2 in a humidified incubator. All cell lines were grown for no more than 10 passages, and cells at logarithmic growth phase were used for the experiments. The following inhibitors were used: ILK inhibitor QLT-0267 (36), Akt1/2 kinase inhibitor (Sigma), and PI3K inhibitor LY294002 (Calbiochem). For inhibitor treatment, cell culture medium was replaced with fresh medium containing inhibitor at the indicated concentration(s) and incubated for 1 h prior to and during LPS (100 ng/ml) treatment or for 1 h prior to H. pylori infection.
Mouse Handling and Isolation of Primary Cells-All mice were housed in specific pathogen-free facilities at the Monash Medical Centre Animal Facility, Melbourne, Australia. Primary MEFs were isolated from 12.5 to 13.5 embryos from C57BL/6 wild-type (WT) and ilk loxP/loxP mice using the standard protocol. Cells were expanded as a monolayer in culture dishes and used for experiments within five passages. Primary BMDMs were isolated from 6-to 8-week-old mice (C57BL/6 WT, ilk loxP/loxP , ilk loxP/loxP ;LysMCre and TNF-␣ KO) using the standard protocol. TNF-␣ KO mice were kindly provided by Associate Prof. John Silke, Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia. Bone marrow cells were differentiated to macrophages in culture dishes using L929-conditioned medium for 5 days.
Adeno-Cre Virus Infection-ilk loxP/loxP (and WT control) MEFs were infected with adenovirus expressing Cre recombinase (Ad5CMVCre-eGFP, BCM Cell and Gene Therapy Centre). MEFs were cultured in 10-cm dishes to 60 -70% confluence and then infected with 5 ϫ 10 8 viral particles for 4 h in 5 ml of DMEM containing 10% FCS. After 4 h, cells were washed once with fresh DMEM with FCS and incubated for 3 days prior to analysis.
H. pylori Culture and Infection-H. pylori bacteria strain 251 (37) was grown under microaerophilic conditions at 37°C. H. pylori strain was cultured in blood agar plates supplemented with FCS as described earlier (38) . Briefly, following 2 days of incubation at 37°C under microaerophilic conditions on blood agar, bacteria were harvested from the plate and cultured in brain heart fusion broth (Oxoid) containing 10% FCS at 37°C under microaerophilic conditions for 1 day prior to being used for infection. For in vitro infection experiments, AGS cells and primary BMDMs were grown overnight in 12-well plates at 3 ϫ 10 5 cells per well. Freshly cultured H. pylori was added to the cells in a ratio of 10 H. pylori bacterial cells/cell (m.o.i. ϭ 10) in RPMI 1640 medium supplemented with FCS and L-glutamine without antibiotics for 1 h. Following infection for 1 h, the medium was removed, and complete RPMI 1640 medium was added. For H. pylori infection in THP-1 macrophages, THP-1 monocytes were plated in either 96-well plates at 4 ϫ 10 4 cells/ well or 12-well plates at 3 ϫ 10 5 cells/well in complete RPMI 1640 medium supplemented with 50 ng/ml phorbol 12-myristate 13-acetate to induce the differentiation of monocytes to macrophages overnight. The following day, culture medium was replaced with RPMI 1640 medium supplemented with fetal bovine serum (FBS) and L-glutamine without antibiotics, and H. pylori infection was carried out by adding bacteria to the cells in a ratio of five H. pylori bacterial cells/cell (m.o.i. ϭ 5) for 1 h followed by the replacement of medium with complete RPMI 1640 medium. Following 1 h infection, cells in 96-well plates were further incubated for 4 h prior to the collection of supernatant for human TNF-␣ detection by ELISA, and cells in 12-well plates were immediately harvested for total protein extraction for Western blot analysis.
Transfection-RAW264.7 and AGS cells were transfected with plasmid DNAs using Lipofectamine LTX (Invitrogen) according to the manufacturer's guidelines. Transient transfections in RAW264.7 and NIH3T3 cells were carried out in 96-well plates, and cells were seeded overnight at 2 ϫ 10 4 and 1.5 ϫ 10 4 cells per well, respectively. For NF-B luciferase assay in RAW264.7 cells, cells in each well were transfected with 40 ng of NF-B-Luc and 5 ng of Renilla-luc vector using Lipofectamine LTX (Invitrogen). For p65-Gal4 transactivation assay in RAW264.7 and NIH3T3 cells, 20 ng of p65-Gal4 or p65 S536A -Gal4 (kind gifts from Prof. Luke O'Neill, Trinity College Dublin, Ireland), 20 ng of Gal4-Luc, 40 ng of Renilla-luc vector, and the indicated amount of ILK-expressing plasmid were used for transfection. In all cases, the amounts of DNA transfected were kept constant by adding an appropriate amount of empty vector. For transfection in AGS cells, cells were seeded overnight in 12-well plates at 1.5 ϫ 10 5 cells per well and transfected with 300 ng of mCherry expression vector containing either ILK WT or ILK R211A . 60 -70% transfection efficiency was achieved in these cells, as indicated by mCherrypositive cells on the day after transfection. All transfections were carried out in Opti-MEM (Invitrogen) medium. Cells were incubated for 18 -24 h after transfection prior to analysis.
Luciferase Reporter Assays-Following transfection with luciferase reporter vector for 18 -24 h, cells were either left untreated or treated with LPS (100 ng/ml) for 6 h. To measure firefly luciferase activity, cells were lysed in 1ϫ passive lysis buffer (Promega) and incubated at Ϫ80°C until analysis. Firefly luciferase activity was measured with a luminometer (FLUOstar OPTIMA, BMG Labtech) and normalized against the Renilla luciferase activity by using the dual-luciferase reporter assay system (Promega). Total luciferase activities were expressed as units based on a ratio of firefly to Renilla luciferase. Samples were assayed in triplicate for each condition in these experiments.
ELISA-Cells were treated with LPS (100 ng/ml) or infected with H. pylori (m.o.i. ϭ 5 or 10) for the indicated periods, and the supernatants were collected and stored in Ϫ80°C until analysis. The amount of TNF-␣ in the supernatant was assessed using a commercially available mouse or human TNF-␣-specific ELISA kit (BD Biosciences) according to the manufacturer's instructions.
RNA Isolation and Quantitative Real Time PCR-Total RNA was isolated using the RNA mini columns (GE Healthcare) according to the manufacturer's protocol. The concentration and purity of the RNA samples were determined based on the absorbance ratio at 260/280 (nm). An equal amount of RNA (1000 ng) from each sample was reverse-transcribed in a total volume of 20 l for complementary DNA synthesis using SuperScript First Strand Synthesis System (Invitrogen) according to the manufacturer's protocol. Quantitative real time PCRs were performed in 20 l of reaction mixture containing 10 l of Power SYBR Green PCR master mix (Applied Biosystems), 0.5 M of each primer (forward and reverse), and 1-2 l of cDNA template. Reactions were performed in Bio-Rad real time PCR detection system (iQ5 Multicolor Real Time PCR Detection System). All reactions were carried out at 90°C for 8 min 30 s, followed by 40 cycles of 94°C for 15 s, and 60°C for 1 min. A melting curve was generated at the end to ensure uniformity of the product. GAPDH was used as an internal control to normalize samples, and all data were analyzed using the standard comparative threshold cycle (C T ) method. The following primers were used: TNF-␣ forward primer, 5Ј-GAAAAGCAA-GCCAGCCAACCA-3Ј, and TNF-␣ reverse primer, 5Ј-CGGA-TCATGCTTTCTGTGCTC-3Ј; GAPDH forward primer, 5Ј-CATCTTCCAGGAGCGAGATCCC-3Ј, and GAPDH reverse primer, 5Ј-TTCACACCCATGACGAACAT-3Ј.
Western Blot Analysis-Cells were washed with cold PBS and lysed on ice in RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS) with protease and phosphatase inhibitors (Roche Diagnostics). Protein lysates were kept at Ϫ20°C until used for Western analysis. Protein concentrations were measured using a Bradford Protein Assay kit (Bio-Rad). Equal amounts of protein samples were denatured at 95°C for 5 min in SDS sample buffer (3ϫ composition: 188 mM Tris-HCl, pH 6.8, 3% SDS, 30% glycerol, 0.01% bromphenol blue, 15% ␤-mercaptoethanol) and subjected to SDS-PAGE analysis. Separated proteins on the gel were electrotransferred to polyvinylidene fluoride (PVDF) membrane (Millipore), blocked in 25% Odyssey blocking buffer in PBS for 1 h at room temperature, and immunoblotted overnight at 4°C with primary antibody. Membranes were washed (three times for 5 min) in PBS with 0.01% Tween 20 (PBST) and incubated with Alexa 680-or Alexa 760-conjugated secondary antibody for 45 min at room temperature. Membranes were washed again (three times for 5 min) in PBST prior to scanning in an Odyssey Infrared Imaging system. The following primary antibodies directed against proteins of both human and mouse origin were used at 1:1000 dilution: ILK rabbit polyclonal antibody (4G9, Cell Signaling); p65 rabbit polyclonal antibody (Cell Signaling); phospho-p65 (Ser-536) rabbit polyclonal antibody (Cell Signaling); IB-␣ rabbit polyclonal antibody (Cell Signaling); phospho-Akt (Ser-473) rabbit polyclonal (Cell Signaling); Akt rabbit polyclonal (Cell Signaling); and pan-actin mouse monoclonal antibody (NeoMarker, Fremont, CA). The following secondary antibodies were used at 1:2500 dilution: anti-rabbit secondary Alexa 680-conjugated antibody (Invitrogen) and anti-mouse secondary Alexa 760-conjugated antibody (Invitrogen).
Immunofluorescence-Cells were grown in 24-well plates on coverslips. Following treatments, cells on coverslips were fixed with 10% buffered formalin (Orion) for 20 min followed by three washes in PBS. Cells were permeabilized by treating with 0.2% Triton X-100 in PBS for 10 min followed by three washes in PBS. Cells were blocked for 1 h at room temperature in Odyssey blocking buffer (diluted 1:4 in PBS), followed by primary antibody treatment (rabbit polyclonal p65 at 1:500 dilution in blocking buffer) for 1 h at room temperature. Following secondary antibody treatment (goat anti-rabbit Alexa 568 at 1:100 dilution in blocking buffer) for 30 min, cells were washed three times, mounted in SlowFade Gold antifade reagent (Invitrogen), and sealed with nail polish prior to microscopic observations.
Statistical Analysis-Data are presented as means Ϯ S.E. Statistical analysis between two samples was performed using Student's t test using GraphPad Prism 5.0.
RESULTS

ILK Modulates LPS-induced TNF-␣ Production in Mouse
and Human Cells-To test involvement of ILK in LPS-induced inflammatory responses, we utilized two approaches as follows: either a selective small molecule ILK inhibitor QLT-0267 (36) or Cre-lox technology was used to inhibit activity or delete ILK from cells, respectively. QLT-0267 has been characterized as a highly selective ILK inhibitor among a variety of other protein kinases (39) . Pretreatment with QLT-0267 inhibits ILK kinase activity in a broad range of cells and in animal models (40 -44) . Based on reported IC 50 of QLT-0267 in the range of 2-5 M depending on cell types (39, (45) (46) (47) , we treated primary MEFs, spleen macrophages, and the RAW264.7 macrophage cell line with 1-20 M QLT-0267 for 1 h prior to and during 24 h of stimulation with LPS (100 ng/ml). QLT-0267 significantly inhibited LPS-induced TNF-␣ production in a dose-dependent manner, in all three mouse cell types ( Fig. 1, A-C) . Similarly, QLT-0267 pretreatment of freshly isolated human peripheral blood mononuclear cells significantly inhibited LPS-induced TNF-␣ production at similar concentrations ( Fig. 1D ). QLT-0267 treatment for 24 h did not affect the viability of the cells tested as confirmed by Alamar Blue assay (data not shown).
To confirm that blocking ILK inhibited LPS-induced TNF-␣ production, we wanted to investigate whether genetic knockdown of ILK also had an inhibitory effect. To accomplish this, we isolated MEFs from ilk loxP/loxP mice and infected these cells with Adeno-Cre. Using this method, we achieved 70 -80% depletion of ILK protein in ilk loxP/loxP MEFs relative to untreated MEFs or to Adeno-Cre-treated WT MEFs ( Fig. 2A ). This level of ILK depletion resulted in a significant reduction in LPS-induced TNF-␣ production by the ILK-deficient MEFs (Fig. 2B ). Thus, inhibiting ILK by two independent methods resulted in a significant inhibition of LPS-induced TNF-␣ production in mouse and human cells.
Our results with small molecule-and Cre-mediated ILK inhibition in cultured cells prompted us to investigate the effect of in vivo ILK deletion on TNF-␣ induction. To delete ILK selectively from inflammatory cells, we crossed ilk loxP/loxP mice with a LysM-Cre strain, which selectively expresses Cre recombinase in the myeloid cell lineage (notably monocytes and mature macrophages). BMDMs were isolated from ilk loxP/loxP ;LysMCre mice and cultured ex vivo as described under "Experimental Procedures." We found that ILK protein levels in ilk loxP/loxP ;LysMCre BMDMs were decreased by 70 -80% compared with ilk loxP/loxP BMDMs (Fig. 2C ). We stimulated cultured BMDMs of each genotype and measured TNF-␣ production as above. LPS induction of TNF-␣ was markedly inhibited in ilk loxP/loxP ;LysMCre BMDMs relative to ilk loxP/loxP controls, corroborating our in vitro results ( Fig. 2D ).
Inhibiting ILK Suppresses LPS/TLR4-induced NF-B Activity and TNF-␣ Transcription-As NF-B plays a crucial role in TLR-induced transcriptional responses, we investigated whether ILK plays a role in TLR-induced NF-B activation. Accordingly, the effect of QLT-0267 on TLR-mediated activation of an NF-B reporter gene was assessed. RAW264.7 cells were transiently transfected with an NF-B-luciferase reporter, and after 24 h cells were either left untreated or treated with vehicle or QLT-0267 at 1, 2, 5, 10, and 20 M for 1 h prior to stimulation with LPS (100 ng/ml) for 6 h. The results (Fig. 3A) show that QLT-0267 pretreatment effected dose-dependent inhibition of LPS-induced luciferase activity, with over 80% inhibition at a concentration of 5 M inhibitor. These results support a role for ILK in activating NF-B transcriptional programs downstream of TLR4. The inhibitory effect of QLT-0267 on LPS-induced NF-B transcriptional activation suggests that QLT-0267-mediated inhibition of TNF-␣ production in response to LPS occurs at the transcriptional level. To confirm this, quantitative RT-PCR was employed to measure levels of LPS-induced TNF-␣ mRNA expression in RAW264.7 macrophages that had been pretreated with QLT-0267 inhibitor or vehicle, prior to stimulation with 100 ng/ml LPS for 2 h. Pretreatment with 5 M ILK inhibitor suppressed induction of TNF-␣ mRNA, by over 50% relative to vehicle controls ( Fig.  3B ). Together, these results suggest that inhibition of ILK suppresses LPS-induced TNF-␣ expression at the transcriptional level through the inhibition of NF-B activation.
ILK Does Not Affect Classical NF-B Pathway-The classical NF-B activation pathway is initiated by IB-␣ phosphorylation and degradation, facilitating nuclear translocation of NF-B complex p65-p50. Therefore, we examined the effect of ILK inhibition on LPS-induced IB-␣ degradation and NF-B nuclear translocation in RAW264.7 cells and ilk loxP/loxP MEFs. Pretreating RAW264.7 macrophages with a TNF-␣-inhibitory concentration of QLT-0267 (see Fig. 1 ) had no effect on LPS-induced IB-␣ degradation (Fig. 4A) . Similarly, LPSinduced IB-␣ degradation was unaffected in Adeno-Cre-infected, ilk-deleted MEFs, relative to uninfected or Adeno-Creinfected WT MEF controls (Fig. 4B) . These results suggested that ILK does not mediate nuclear translocation of p65 during NF-B activation. To test this, we stimulated primary MEF cultures with LPS for 0, 20, or 40 min, with and without pretreatment with 5 M QLT-0267. As shown in Fig. 5A , nuclear translocation of p65 was unaffected by 5 M QLT-0267 at a concentration that inhibits LPS-induced TNF-␣ production by about 50% (see Fig. 1 ). Similarly, we treated both ilk loxP/loxP and ilk loxP/loxP ;LysMCre BMDMs with LPS (100 ng/ml) for 30 min. LPS-induced p65 nuclear translocation was normal in both ilk loxP/loxP and ilk loxP/loxP ;LysMCre (ILK-deficient, see RAW264.7 cells. Similarly, Cre-mediated ILK deletion in ilk fl/fl MEFs demonstrates that LPS-induced p65 Ser-536 phosphorylation was inhibited by ILK deficiency (Fig. 6B) . These results suggest a role of ILK on the p65-mediated transactivation pathway of NF-B. To address this, we utilized a p65-Gal4 transreporting system (48, 49) . Briefly, this assay employs a plasmid encoding the transactivation domain of p65 encompassing Ser-536, fused to the DNA-binding domain of Gal4. This plasmid, when co-transfected with a Gal4-responsive reporter Gal4-Luc, is used as a reporter system to monitor luciferase activity in response to p65 transactivation. As shown in Fig. 6C , overexpression of ILK modulates p65 transactivation in a dose-dependent manner in NIH3T3 and RAW264.7 cells. To examine the effect of ILK on p65 transactivation through Ser-536 phosphorylation, the p65(S536A)-Gal4 mutant was utilized in which serine 536 is mutated to alanine. When co-transfected in RAW264.7 cells along with ILK, cells expressing p65(S536A)-Gal4 showed little or no effect of LPS on p65 transactivation function compared with cells expressing p65-Gal4 (Fig. 6D ). In accordance with our finding showing an inhibitory effect of QLT-0267 on LPS-induced p65 Ser-536 phosphorylation, LPS-induced p65-Gal4 transactivation function was inhibited by QLT-0267 treatment in RAW264.7 cells (Fig. 6E ). Collectively, these results demonstrate that ILK modulates LPS-induced p65 transactivation function by regulating phosphorylation at Ser-536.
ILK-mediated Phosphorylation of p65 Ser-536 during LPS Stimulation Is Not Regulated by TNF-␣-Because
LPS stimulation induces TNF-␣ secretion and TNF-␣ is known to induce both NF-B activation and p65 phosphorylation (23), we investigated whether TNF-␣ is a contributing factor in ILK-mediated p65 Ser-536 phosphorylation in response to LPS. To address this, we utilized BMDMs isolated from TNF-␣ KO mice. As shown in Fig. 7A , LPS stimulation causes a strong induction of p65 Ser-536 phosphorylation in TNF-␣ KO BMDMs, which is significantly reduced by QLT-0267 pretreatment. The inhibitory effect of QLT-0267 on LPS-induced p65 Ser-536 phosphorylation in TNF-␣ KO BMDMs suggests that the ILK-mediated role in LPS-induced p65 Ser-536 phosphorylation is not regulated by TNF-␣. Consistent with our observations in RAW264.7 and MEFs (Figs. 4 and 5), both LPS-induced IB-␣ degradation and p65 nuclear translocation remain unaffected in TNF-␣ KO BMDMs by QLT-0267 pretreatment (Fig. 7, A and B) , suggesting that the lack of a role for ILK in classical NF-B activation is consistent throughout cell types.
ILK-mediated Phosphorylation of p65 Ser-536 during LPS Stimulation Is a PI3K/Akt-independent Process-ILK has been
shown to be an upstream regulator of the phosphorylation of Akt at Ser-473, an integral component of the PI3K pathway. By mediating phosphorylation of Akt at Ser-473, ILK regulates PI3K signaling governing cell survival, proliferation, and growth of cancer cells. Because Akt is involved in the regulation of NF-B activation, we determined whether ILK mediates phosphorylation of p65 at Ser-536 through the PI3K/Akt pathway. The results ( Fig. 8) show that LPS-induced phosphorylation of p65 at Ser-536 in RAW264.7 macrophages was significantly inhibited by ILK inhibitor QLT-0267 treatment, whereas both Akt inhibitor (Akt1/2 kinase inhibitor) and PI3K inhibitor (LY294002) have no effect. Even though QLT-0267 inhibited LPS-induced Akt phosphorylation at Ser-473 in RAW264.7 macrophages, Akt phosphorylation seems to be dispensable for LPS-induced p65 Ser-536 phosphorylation. Thus, our results demonstrate that the kinase activity of ILK is required for LPSinduced phosphorylation of p65 at Ser-536, as QLT-0267 inhibits not only p65 Ser-536 phosphorylation but also GSK3␤ Ser-9 phosphorylation, which is known to be regulated by the kinase activity of ILK (36) . Overall, these results suggest that, during LPS stimulation, ILK-mediated phosphorylation of p65 at Ser-536 is a PI3K/Akt-independent process.
ILK Is Not Involved in H. pylori-induced IB-␣ Degradation and p65 Nuclear Translocation-Based on our findings demonstrating a role for ILK in NF-B activation, p65 Ser-536 phosphorylation, and TNF-␣ production, we were prompted to ask whether the ILK-mediated phenomenon mentioned above also exist in a host-pathogen interaction model using bacterial infection. To address this question, we focused on H. pylori infection in gastric cancer cells. H. pylori is a spiral-shaped and Gram-negative bacterium, which infects about 50% of the world's population and attaches to the gastric epithelium in the human stomach. H. pylori is the most prevalent cause of chronic gastritis and peptic ulcer worldwide, and ϳ75% of all gastric cancer cases globally are directly associated with H. pylori infection. H. pylori infection results in the induction of pro-inflammatory cytokines such as TNF-␣ through NF-B activation (50, 51) . To address the question of whether ILK is involved in H. pylori-induced NF-B activation, we carried out H. pylori infection in gastric cancer cell line AGS with and without QLT-0267 pretreatment. As shown in Fig. 9, A and B, H. pylori induces both IB-␣ degradation and p65 nuclear translocation in AGS cells, and QLT-0267 pretreatment has no effect on them. Like LPS stimulation, our results demonstrate that ILK is not required for IB-␣ degradation and p65 nuclear translocation in response to H. pylori infection.
ILK Modulates H. pylori-induced Phosphorylation of p65 Ser-536 and TNF-␣ Secretion-Because H. pylori infection has been
shown to induce phosphorylation of p65 in gastric epithelial cells (52), we were prompted to investigate whether ILK is required for H. pylori-induced p65 Ser-536 phosphorylation and TNF-␣ production in infected cells. As shown in Fig.  10A , QLT-0267 pretreatment in gastric cancer AGS cells resulted in a significant reduction in H. pylori-induced phosphorylation of p65 at Ser-536. Similarly, Cre-mediated genetic knockdown of ILK in BMDMs (ilk fl/fl ;LysMCre) was also associated with significantly less phosphorylation of p65 Ser-536 in response to H. pylori infection (Fig. 10B ). Furthermore, QLT-0267 inhibited H. pylori-induced TNF-␣ secretion in THP-1 macrophages in a dose-dependent manner (Fig. 10C ). Genetic deletion of ILK in BMDMs (ilk fl/fl ;LysMCre) was also associated with reduced TNF-␣ production in response to H. pylori infection relative to controls (Fig. 10D ). Collectively, these results implicate ILK in H. pylori-induced p65 Ser-536 phosphorylation and TNF-␣ production.
ILK Modulates H. pylori-induced Phosphorylation of p65 Ser-536 through the PI3K/Akt Pathway-Because our findings demonstrate that ILK-mediated phosphorylation of p65 at Ser-536 in response to LPS is a PI3K/Akt-independent process, we investigated whether the role of ILK in H. pylori-induced p65 Ser-536 phosphorylation is dependent on the PI3K/Akt pathway. To test this hypothesis, the effect of Akt (Akt1/2 kinase inhibitor) and PI3K (LY294002) inhibitors was assessed on H. pylori-induced p65 Ser-536 phosphorylation in AGS cells. As shown in Fig. 11A, pretreatment phate synthesized by the PI3K pathway, thereby facilitating the activation of Akt. Consequently, ILK R211A is insensitive to phosphatidylinositol (3,4,5)-triphosphate activation upon PI3K activation (53, 54) . ILK WT and ILK R211A cDNAs were cloned into mCherry expression vectors for transfection into AGS cells. Achieving 60 -70% transfection efficiency in these cells, we observed around 50% reduction in H. pylori-induced p65 Ser-536 phosphorylation in ILK R211A -transfected cells, relative to ILK WT controls (Fig. 11B) . The effect of ILK R211A on PI3K/ Akt activation was also verified by demonstration that H. pylori-induced Akt Ser-473 phosphorylation was also signifi-cantly reduced in ILK R211A -transfected cells compared with that in ILK WT -transfected cells (Fig. 11C) . Moreover, the differences in Akt Ser-473 phosphorylation between ILK WT -and ILK R211A -transfected cells were also similar to those in p65 Ser-536 phosphorylation in response to H. pylori infection. Overall, these results suggest that ILK modulates H. pylori-induced p65 Ser-536 phosphorylation through the PI3K/Akt pathway.
DISCUSSION
Among the TLRs, TLR4 was the first to be described as the key sensor for microbial products (55), and the importance of TLR4 has drawn immense attention because it has been known as the prime receptor involved in LPS-induced sepsis. The emerging evidence has suggested that the regulation of TLR4 signaling is far more complex than originally thought. In addition to the existence of different adaptor proteins leading to diverse signaling cascades, the TLR4 signaling pathway is also subject to additional layers of regulation. In resting cells, TLR4 cycles between the Golgi and the plasma membrane. TLR4 in the plasma membrane activates early responses (MyD88-dependent) to LPS (56, 57) . Following LPS stimulation, TLR4 is also subject to ubiquitination and tyrosine phosphorylation, which triggers translocation of TLR4 from the plasma membrane to lysosomes for degradation to prevent its prolonged activation (58) . LPS stimulation also triggers maturation and trafficking of TLR4 from the Golgi to the plasma membrane, processes that are regulated by chaperones such as gp96 and PRAT4A (59, 60) . The association between TLR4 and chaperones can only take place under certain calcium concentrations in the endoplasmic reticulum, suggesting the endoplasmic reticulum calcium signaling as a critical regulator for TLR4 activation (59) . Despite all the evidence on the regulation of TLR4 signaling, the exact molecular mechanisms underlying the LPS-induced signal transduction and the control of gene expression have not been completely elucidated. Integrins, a family of heterotrimeric transmembrane receptors that link the extracellular matrix to intracellular signaling molecules for the regulation of a number of cellular processes, have recently been implicated in the regulation of TLR signaling. An inhibitory effect of ␤1 integrin on TLR (including TLR4)-triggered inflammatory responses has clearly been demonstrated (61) (62) (63) . Conversely, several studies have also revealed a positive role of integrins in the activation of NF-B and pro-inflammatory pathways (64 -66) . Despite the significant influence on TLR signaling, the exact molecular mechanism underlying an integrin-mediated role remains largely unknown. The extracellular matrix-integrin contacts induce the formation of multiprotein structures called focal adhesion points. ILK, which directly interacts with the cytoplasmic subunits of ␤1 and ␤3 integrins, is involved in focal adhesions and, being regulated in a PI3K-dependent manner, can regulate the integrin-stimulated phosphorylation and activation of Akt. Therefore, ILK has been implicated in integrin-mediated gene expression through the activation of transcription factors such as NF-B. Involvement of ILK in NF-B activation has been suggested by different studies (29 -35) , via the classical NF-B signaling pathway. However, the exact role of ILK in TLR-mediated NF-B signaling has not been determined. In this study, using a combination of a Cre-LoxP-dependent knockdown ILK and a small molecule ILK inhibitor, we have shown that ILK is not required for LPS-induced classical NF-B signaling involving IB-␣ degradation and nuclear translocation of p65. Rather, it modulates LPS-stimulated NF-B transcription activity through p65 phosphorylation at Ser-536. Using a reporterbased assay, we have demonstrated that ILK is required for LPS-induced transactivation of p65 through Ser-536. Interestingly, focal adhesion kinase has also been shown to be dispensable for flow-stimulated IB-␣ degradation and nuclear translocation of NF-B but essential for flow-stimulated p65 phosphorylation on Ser-536 during flow-stimulated NF-B activation (67) . Alternative activation of NF-B via p65 Ser-536 appears to be a fully functional and integral part of the TLR signaling pathway. For instance, although IRAK-4 appears to be critical for the classical NF-B activation pathway, IRAK-1 is selectively involved in enhancing transcriptional activity of p65 through Ser-536 phosphorylation (68) .
The functional relevance of our findings is evident from our observation that ILK-mediated signaling also participates in H. pylori infection in gastric epithelial cells and macrophages. The immune response to H. pylori infection is mediated by numerous signal transduction cascades resulting in the activation of NF-B, MAPK enzyme family, and AP-1 (activator protein-1) (69) . NF-B is the key regulator of H. pylori-induced inflammatory microenvironments in the stomach, which is activated by the physical contact between H. pylori and gastric epithelial cells, and results in the induction of proinflammatory cytokines such as TNF-␣, IL-8, IL-6, and IL-1. Activated NF-B is therefore a common feature of gastric biopsy associated with H. pylori infection (50) . The major disease-associated feature of H. pylori is the presence of a pathogenicity island, which encodes proteins involved in a type IV secretion system (T4SS). Published reports have demonstrated that T4SS can induce NF-B activation in epithelial cells through two likely mediators. First, the bacterial peptidoglycan is injected into the host cells by T4SS of H. pylori, which is recognized by the NOD1 receptor molecules leading to NF-B activation (70) . Second, the effector protein cytotoxin-associated gene product A can activate NF-B after being translocated into the host cells by T4SS and tyrosine-phosphorylated by Src family kinases (71) . However, a complete mechanism of H. pylori-induced NF-B activation through T4SS has yet to be revealed. Alternatively, the involvement of TLRs in H. pylori-induced NF-B activation cannot be ignored, because the recognition of H. pylori by TLR2 and TLR5 followed by NF-B activation in epithelial cells has also been demonstrated (69) . A potential involvement of H. pylori LPS in gastric inflammation is also highlighted by studies showing that H. pylori LPS alone can cause gastric mucosal responses similar to those observed in acute gastritis, as well as its critical role in enhancing TNF-␣ production, which is associated with gastric mucosal inflammatory responses (72, 73) . A gene product of H. pylori, TNF-␣-inducing protein (Tip␣), has also been shown to be a key mediator of TNF-␣ gene expression in host cells through NF-B activation (50) . Last but not least, it has been demonstrated that the integrin receptor and focal adhesion kinase activation are instrumental for the delivery of cytotoxinassociated gene product A into host cells by T4SS of H. pylori and the phosphorylation of cytotoxin-associated gene product A by Src, respectively (74) , indicating a role of integrin-mediated signal transduction during H. pylori infection. Our results indicate a novel role for ILK in H. pylori-induced NF-B p65
Ser-536 phosphorylation and TNF-␣ production. Like LPS stimulation, ILK is not required for IB-␣ degradation and p65 nuclear translocation in response to H. pylori infection. We have shown that ILK regulates p65 Ser-536 phosphorylation in both PI3K/Akt-independent and -dependent manners in response to LPS stimulation and H. pylori infection, respectively (see proposed model, Fig. 12 ). Even though QLT-0267 has been shown to also inhibit FMS-like tyrosine kinase 3 (FLT3) (47), we have used both QLT-0267 and genetic knock- down to alter ILK expression to draw the major conclusion of our work illustrating an ILK-mediated role in NF-B p65 Ser-536 phosphorylation and TNF-␣ production in response to both LPS and H. pylori infection. Our observations suggest a conserved role for ILK in NF-B activation and innate immune responses across diverse signaling pathways. Based on the published reports, it is well known that the roles of the signaling molecules involved in focal adhesion are diverse and go well beyond the need for only cellular adhesion. As recent studies have started to uncover the influence of integrins in TLR responses, it would also be interesting to understand the cross-talk between cellular adhesions and TLR signaling at the molecular level. Our data demonstrate a novel function of the focal adhesion protein ILK in TLR-induced NF-B signaling and highlight a therapeutic potential for this molecule in inflammatory diseases. Future investigations will be required to determine whether the involvement of ILK in TLR signaling is an integrin-dependent or -independent process. Because the overexpression of ILK is a common feature of a wide range of human cancers, it would be important to understand the detailed molecular mechanism underlying how ILK promotes inflammation and cancer. As ILK is a druggable target, future pre-clinical investigations can potentially address ILK as a therapeutic target to treat inflammation and cancer.
